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1
TRANSMITTER APPARATUS, RECEIVER
APPARATUS, COMMUNICATION SYSTEM,
COMMUNICATION METHOD, AND
INTEGRATED CIRCUIT

TECHNICAL FIELD

The present invention relates to a transmitter apparatus, a
receiver apparatus, a communication system, a communica-
tion method, and an integrated circuit.

BACKGROUND ART

MIMO

Many studies have been made to increase frequency effi-
ciency to increase the speed of wireless data communication
within a limited frequency band. Among them, MIMO
(Multi-Input Multi-Output) technique to increase transmis-
sion capacity per unit frequency with a plurality of antennas
used concurrently gains attention.

LP MU-MIMO

MIMO includes Single-User MIMO (SU-MIMO) in
which a base-station (BS) apparatus transmits a plurality of
signals to a single mobile-station (MS) device at the same
timing and on the same frequency, and Multi-User MIMO
(MU-MIMO) in which a base station transmits a signal to
different mobile-station devices at the same timing and on the
same frequency.

Since SU-MIMO is unable to multiplex streams more than
the number of antennas of a mobile-station device, the maxi-
mum number of streams is limited by the number of physical
antennas of the mobile-station device. On the other hand,
since a base-station apparatus is able to have antennas more
than the number of antennas of the mobile-station device,
MU-MIMO becomes necessary in order to make the mostuse
of idling antennas of the base-station apparatus. Specifica-
tions of down-link (DL) MU-MIMO using linear precoding
(LP) have been formulated in LTE (long Term Evolution) and
LTE-Advanced (see Non Patent Literature 1 below).

NLP MU-MIMO

In MU-MIMO based on LP (LP MU-MIMO), a base-
station apparatus orthogonalizes transmit signals by perform-
ing a multiplexing operation on a linear filter, and thus
removes Multi-User Interference (MUI) between mobile-sta-
tion devices. This reduces a flexibility of combinations of
mobile-station devices that can be spatial multiplexed.

On the other hand, Nonlinear Precoding (NLP)
MU-MIMO is disclosed as another method to implement
spatial multiplexing. In NLP MU-MIMO, a mobile-station
device performs a modulo operation to treat, as the same point
points, points to which a received signal is shifted in parallel
by an integer multiple of a constant width (modulo width) in
directions of an in-phase channel (I-ch) and a quadrature
channel (Q-ch). In this way, the base-station apparatus can
add to a modulation signal a signal of any integer multiple of
the modulo width (perturbation vector), and reduces trans-
mission power by appropriately selecting the perturbation
vector and adding the selected perturbation vector to a signal
addressed to each mobile-station device (see Non Patent Lit-
erature 2 below).

VP MU-MIMO

The mobile-station device performs the modulo operation
on a received signal, and the base-station apparatus will have
a freedom of adding to each modulation signal a signal of any
integer multiple of the modulo width. The signal that can be
added is referred to as a perturbation vector. VP (Vector
Perturbation) MU-MIMO is a method of searching for a
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perturbation vector that increases power efficiency most, in
view of channel states of all mobile-station devices that are
spatial multiplexed. In VP MU-MIMO, the base-station appa-
ratus has a large amount of calculation, but VP MU-MIMO is
NLP MU-MIMO scheme that provides excellent character-
istics with a full transmit diversity gain (see Non Patent Lit-
erature 2 below).

THP MU-MIMO

THP (Tomlinson-Harashima precoding) MU-MIMO is
available and is a method different from VP MU-MIMO. THP
MU-MIMO calculates a perturbation vector that is to be
successively added to the signal addressed to each mobile-
station device, in view of user interference each mobile-
station device has suffered. In THP MU-MIMO, the complex-
ity of a transmission process of the base-station apparatus is
low but not all mobile-station devices may obtain full transmit
diversity (see Non Patent Literature 3 below).

LR-THP

LR-THP is a method of THP MU-MIMO with a process
called lattice reduction (LR) added thereto. LR-THP is a
method that provides the full transmit diversity gain with an
amount of calculation lower than the amount of calculation of
VP MU-MIMO (see Non Patent Literature 3 below).

DMRS

In the NLP MU-MIMO system, a base-station apparatus
needs to transmit DMRS (DeModulation Reference Signal)
to each mobile-station device. However, if the base-station
apparatus performs the same non-linear precoding operation
as the data signal on DMRS and then transmits the DMRS, the
mobile-station device is unable to estimate channels.

The DMRS is a signal that the base-station apparatus uses
to notify each mobile-station device in advance of an ampli-
tude and phase of the data signal on which the base-station
apparatus has performed the precoding operation through
NLP MU-MIMO. If a non-linear precoding operation is per-
formed on the DMRS, the base-station apparatus adds a per-
turbation vector on the DMRS (or performs the modulo
operation on the DMRS), and then transmits the DMRS. The
mobile-station device needs to perform the modulo operation
on the DMRS as well. For this reason, the mobile-station
device needs to know a modulo width needed in the modulo
operation in advance. Since the modulo width is proportional
to the amplitude of the modulation signal in a received signal,
the mobile-station device needs to know a reception gain of
the data signal (a complex gain of a channel) subsequent to
the non-linear precoding operation. However, the mobile-
station device is unable to know the reception gain (the com-
plex gain of the channel) without estimating channels using
the DMRS. More specifically, the mobile-station device is in
the situation that “the mobile-station device is unable to
acquire the reception gain without estimating the channels
using the DMRS, while being unable to estimate the channels
using DMRS without knowing that reception gain”. The
above-described problem thus arises.

In the technique disclosed in Patent Literature 1, the
DMRS is transmitted to each mobile-station device using
orthogonal radio resources (regions divided in a time direc-
tion and in a frequency direction, and if different data signals
and different reference signals are assigned to the regions, the
regions do not mutually interfere with). In such a case, the
mobile-station device is free from performing the modulo
operation on the DMRS, and obtains the reception gain.
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SUMMARY OF INVENTION
Technical Problem

In the method of arranging the DMRS addressed to each
mobile-station device to the orthogonal radio resources as
disclosed in PTL 1, the radio resources dedicated to the
DMRS are needed for the number of mobile-station devices.
The overhead involved in the insertion of the DMRS
increases accordingly.

The present invention has been developed in view of the
above problem, and it is an object of the present invention to
provide a technique of estimating an amplitude and phase (a
complex gain and a reception gain) of a data signal normally
in the mobile-station device and minimizing an increase in the
overhead involved in the insertion of the DMRS by spatial
multiplexing DMRS in the NLP MU-MIMO system.

Solution to Problem

According to an aspect of the present invention, there is
provided a transmitter apparatus to transmit to a plurality of
receiver apparatuses a data signal at the same timing and on
the same frequency. The transmitter apparatus includes a
transmitter unit that transmits a demodulation reference sig-
nal addressed to a first receiver apparatus and a demodulation
reference signal addressed to a second receiver apparatus
different from the first receiver apparatus at the same timing
and on the same frequency.

In the transmitter apparatus, the demodulation reference
signals (DMRS) spatial multiplexed are transmitted to all
mobile-station apparatuses using a single radio resource. A
plurality of demodulation reference signals are transmitted to
all the mobile-station apparatuses while enough radio
resources are reserved to arrange the data signal. Each
mobile-station apparatus (hereinafter referred to as a receiver
apparatus) may perform a channel estimation operation using
a plurality of demodulation reference signals. The present
invention helps reduce the insertion loss of the demodulation
reference signal.

The transmitter apparatus preferably includes a non-linear
precoder that adds to the demodulation reference signal a
signal that is an integer multiple of a predetermined signal.
Also, the transmitter apparatus may include a non-linear pre-
coder that performs a non-linear precoding operation on the
demodulation reference signal.
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4

Preferably, the transmitter unit transmits a plurality of data
signals at the same timing and on the same frequency, and the
non-linear precoder performs the same non-linear precoding
operation, as the non-linear precoding operation performed
on the data signal, the demodulation reference signal. In this
way, the non-linear precoding operation is performed using
the same filter as the filter used on the data signal on the same
principle as the principle applied to the data signal.

The transmitter apparatus may include a DMRS corrector
to correct the demodulation reference signal. The DMRS
corrector preferably includes a two-dimensional Euclidean
algorithm unit that performs a two-dimensional Euclidean
algorithm operation on the demodulation reference signal.
The two-dimensional Euclidean algorithm unit may include a
difference vector calculator that subtracts from the first
demodulation reference signal the second demodulation ref-
erence signal, a signal that results from rotating the second
demodulation reference signal in phase by 90 degrees, a sig-
nal that results from rotating the second demodulation refer-
ence signal in phase by 180 degrees, and a signal that results
from rotating the second demodulation reference signal in
phase by 270 degrees.

The present invention relates to a receiver apparatus
including a perturbation vector adder that adds to a demodu-
lation reference signal a signal that is an integer multiple of a
predetermined width. The receiver apparatus preferably
includes an interim channel estimator that estimates a channel
in accordance with the demodulation reference signal with
the signal added thereto. The receiver may include a pertur-
bation vector candidate selector that selects a plurality of
different pieces of the signal and a perturbation vector esti-
mator that selects one of the signals in accordance with a
channel estimation result estimated by the interim channel
estimator that estimates the channel using each of the signals.
The receiver apparatus preferably includes a demodulator
that calculates a logarithmic likelihood ratio by soft-estimat-
ing a data signal of each of the channel estimate results
corresponding to the plurality of different pieces of the signal,
and a perturbation vector evaluation value calculator that
calculates a variance of each logarithmic likelihood ratio. The
perturbation vector estimator selects the signal corresponding
to the largest one of the variances. The receiver apparatus
preferably includes a two-dimensional FEuclidean algorithm
unit that applies the two-dimensional Euclidean algorithm to
a plurality of demodulation reference signals to calculate an
irreducible vector. The receiver apparatus preferably includes
a complex gain calculator that calculates a complex gain of a
channel using the irreducible vector.

The present invention also relates to a communication sys-
tem. The communication system includes a transmitter appa-
ratus that includes a non-linear precoder that adds to a
demodulation reference signal a signal that is an integer mul-
tiple of a predetermined signal, and a transmitter unit that
transmits the demodulation reference signal and another sig-
nal at the same timing and on the same frequency, and a
receiver apparatus that includes a perturbation vector adder
that adds to the demodulation reference signal a signal that is
an integer multiple of a predetermined width.

The present invention relates to a communication method.
The communication method includes a transmission method
that includes a step of adding to a demodulation reference
signal a signal that is an integer multiple of a predetermined
signal, and a step of transmitting the demodulation reference
signal and another signal at the same timing and on the same
frequency, and a reception method that includes a step of
adding to the demodulation reference signal a signal thatis an
integer multiple of a predetermined width.
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The present invention relates to an integrated circuit. The
integrated circuit includes a non-linear precoder that adds to
a demodulation reference signal a signal that is an integer
multiple of a predetermined signal, and a transmitter unit that
transmits the demodulation reference signal and another sig-
nal at the same timing and on the same frequency.

The present invention relates to an integrated circuit. The
integrated circuit includes a perturbation vector adder that
adds to a demodulation reference signal a signal that is an
integer multiple of a predetermined width.

The present invention may include a program that causes
elements to perform the communication method, and a com-
puter-readable recording medium that has stored the pro-
gram.

The description contains the contents of the specification
and/or the drawings of Japanese Patent Application No. 2011-
043755 which this application is based on and claims priority
from.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 illustrates a concept of a communication system of
a first embodiment of the present invention.

FIG. 2 illustrates a sequence chart illustrating an example
of an operation of the communication system of the present
embodiment.

FIG. 3 is a function block diagram illustrating a general
structure of a base-station apparatus of the present embodi-
ment.

FIG. 4 is a schematic diagram illustrating a structure
example of a specific signal of the present embodiment.

FIG. 5A is a schematic diagram illustrating a structure
example of frames of the present embodiment.

FIG. 5B illustrates a first structure example of frames trans-
mitted via first through N-th antennas a101-7.

FIG. 5C illustrates a second structure example of frames
transmitted via the first through N-th antennas al01-7.

FIG. 6 is a function block diagram illustrating a structure
example of a mobile-station device of the present embodi-
ment.

FIG. 7 is a function block diagram illustrating a DMRS
channel estimator in detail.

FIG. 8 illustrates examples of positions of two DMRSs
(DMRS 1 and DMRS 2) indicated on a signal point plane.

FIG. 9 illustrates examples of positions on the signal point
plane where an irreducible vector fails to match a signal point
of QPSK.

FIG. 10 illustrates a configuration example of a two-di-
mensional Euclidean algorithm unit.

FIG. 11 illustrates a configuration example of a DMRS
corrector.

FIG. 12 illustrates a DMRS channel estimator (a) and a
complex gain calculator (b).

FIG. 13 illustrates a configuration example of a non-linear
precoder.

FIG. 14 is a flowchart illustrating an operation of the non-
linear precoder.

FIG. 15 is a function block diagram illustrating a configu-
ration example of a base-station apparatus of a second
embodiment of the present invention.

DESCRIPTION OF EMBODIMENTS

Embodiments of the present invention are described in
detail below with reference to the drawings.
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First Embodiment
Variance Base of Logarithmic Likelihood Ratio

Communication System 1

FIG. 1 illustrates a concept of a communication system 1 of
a first embodiment of the present invention. The communi-
cation system 1 includes a base-station apparatus Al, and
mobile-station devices B11 through B1N (FIG. 1 illustrates
an example in which the base-station apparatus Al selects a
first mobile-station device through a fourth mobile-station
device B11, B12, B13, and B14 (N=4)).

The base-station apparatus Al transmits a common refer-
ence signal (CRS). Note that a reference signal as the CRS is
stored by the base-station apparatus A1 and the first through
fourth mobile-station devices B11 through B14. Each of the
first through fourth mobile-station devices B11 through B14
estimates a channel state based on the CRS transmitted by the
base-station apparatus A1, and then notifies the base-station
apparatus Al of channel state information based on the esti-
mated channel state.

The base-station apparatus Al transmits DMRS and a data
signal to the first through fourth mobile-station devices B11
through B14. In this case, the base-station apparatus Al per-
forms a precoding operation on the DMRS and the data sig-
nal, and then transmits the DMRS and data signal subsequent
to multiplication.

In accordance with the DMRS received from the base-
station apparatus Al, the first through fourth mobile-station
devices B11 through B14 multiplexed estimate the channel
state of an equivalent channel having a precoding operation
treated as part thereof (hereinafter referred to as an equivalent
channel) and acquires a data signal in accordance with
equivalent channel state information indicating a channel
state of the estimated equivalent channel.

FIG. 2 illustrates a sequence chart illustrating an example
of an operation of the communication system of the present
embodiment. FIG. 2 illustrates the example of the operation
of the communication system 1 of FIG. 1.

(Step S101) The base-station apparatus Al transmits the
CRS to the first through fourth mobile-station devices B11
through B14. The base-station apparatus Al then proceeds to
step S102.

(Step S102) The first through fourth mobile-station devices
B11 through B14 estimate the channel state in accordance
with the CRS transmitted in step S101. Processing proceeds
to step S103.

(Step S103) The first through fourth mobile-station devices
B11 through B14 calculate the channel state information in
accordance with the channel state estimated in step S102.
Processing proceeds to step S104.

(Step S104) The first through fourth mobile-station devices
B11 through B14 notify the base-station apparatus Al of the
channel state information calculated in step S103. Processing
proceeds to step S105.

(Step S105) The base-station apparatus Al calculates a
filter to be used in the non-linear precoding operation in
accordance with the channel state information transmitted in
step S104. The base-station apparatus Al performs the non-
linear precoding operation on the generated DMRS and data
signal using the filter, thereby generating DMRS and data
signal. Processing proceeds to step S106.

(Step S106) The base-station apparatus Al transmits the
signal of DMRS generated in step S105 to the first through
fourth mobile-station devices B11, B12, B13, and B14. Pro-
cessing proceeds to step S107.
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(Step S107) The first through fourth mobile-station devices
B11 through B14 estimate the equivalent channel in accor-
dance with the signal of DMRS transmitted in step S106.
Processing proceeds to step S108.

(Step S108) The base-station apparatus Al transmits the
data signal generated in step S105 to each of the first through
fourth mobile-station devices B11 through B14. Processing
proceeds to step S109.

(Step S109) The first through fourth mobile-station devices
B11 through B14 detect and acquire the data signal in accor-
dance with the equivalent channel state information indicat-
ing the channel state of the equivalent channel estimated in
step S108.

In FIGS. 1 and 2, the first through fourth mobile-station
devices B11 through B14 are four-multiplexed. In the discus-
sion that follows, N mobile-station devices, i.e., a first
mobile-station device to an N-th mobile-station device B11
through BIN are multiplexed. The mobile-station devices
B11 through BIN are collectively referred to as a mobile-
station device Bln.

Base-Station Apparatus Al

FIG. 3 is a function block diagram illustrating a general
structure of the base-station apparatus Al of the present
embodiment. As illustrated in FIG. 3, the base-station appa-
ratus Al includes a first antenna al01-1 through an N-th
antenna alO1-N, a first receiver al02-1 through an N-th
receiver al02-N; a first GI (Guard Interval) remover a103-1
through an N-th GI remover al103-N, a first FF'T (Fast Fourier
Transform) unit a104-1 through an N-th FFT unit a104-N, a
channel state information acquisition unit al05, a filter cal-
culator all, a first encoder al21-1 through an N-th encoder
al21-N, a first modulator a122-1 through an N-th modulator
al22-N, a DMRS generator al24, a specific signal construc-
tor al25, a non-linear precoder al3, a CRS generator al4l, a
frame constructor al42, a first IFFT (Inverse Fast Fourier
Transform) unit a143 through an N-th IFFT unit al43-N, a
first GI inserter al44-1 through an N-th GI inserter al44-N,
and a first transmitter al45-1 through an N-th transmitter
ald5-N.

The base-station apparatus Al of FIG. 3 includes N anten-
nas of the first antenna a101-1 through N-th antenna a101-N,
and serves as a base-station apparatus with N mobile-station
devices multiplexed (N=4 in the example of FIGS. 1and 2). In
the discussion that follows, the base-station apparatus Al of
FIG. 3 uses orthogonal frequency division multiplexing
(OFDM) scheme for uplink and downlink, for example. The
present invention is not limited to this. The base-station appa-
ratus Al may use time division multiplexing (TDM) scheme
or frequency division multiplexing (FDM) on one of the
uplink and the down link or on both the uplink and the down
link.

The first through N-th receivers a1l02-z (n=1,2, ..., N)
receive signals transmitted by each mobile-station device
B1# (asignal of a carrier frequency) via the first through N-th
antennas al01-z. The signal includes the channel state infor-
mation. The first through N-th receivers al02-» down-convert
the received signals, and A/D (analog/digital) convert the
down-converted signals, thereby generating baseband digital
signals. The first through N-th receivers al02-» output the
generated digital signals to the first through N-th GI removers
al03-n.

The first through N-th GI removers al03-» remove GI from
the digital signals input from the first through N-th receivers
al02-n, and then output the signals with GI removed there-
from to the first through N-th FFT units a104-7.

The first through N-th FFT units al04-z perform FFT
transform operations on the signals input from the first
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8
through N-th Gl removers al103-z, thereby generating signals
in the frequency domain. The first through N-th FFT units
al04-» output the generated signals in the frequency domain
to the channel state information acquisition unit a105.

The channel state information acquisition unit al05
demodulates the signals input from the first through N-th FFT
units al04-7, and extracts the channel state information from
the demodulated information. The channel state information
acquisition unit al05 outputs the extracted channel state
information to the filter calculator all. A signal, other than
the signal of the channel state information, out of the signals
output from the first through N-th FFT units al04-z, is
demodulated by a controller (not illustrated). Control infor-
mation of the demodulated information is used to control the
base-station apparatus Al. Data other than the control infor-
mation of demodulated signal is transmitted to another base-
station apparatus, a server apparatus, and the like.

The filter calculator all calculates a filter for use in a
non-linear precoding operation in accordance with the chan-
nel state information input from the channel state information
acquisition unit al05. Details of a filter calculation process
performed by the filter calculator all are described below.
The filter calculator all inputs the calculated filter to the
non-linear precoder al3.

The first through N-th encoders al21-z receive information
bit (data) addressed to each mobile-station device Bln (N=4
in the example of FIGS. 1 and 2). The first through N-th
encoders al21-» error-correction encode the input informa-
tion bit, and then output the encoded bits to the first through
N-th modulators a122-n.

The first through N-th modulators a122-» modulate the
encoded bits input from the first through N-th encoders a
121-»n, thereby generating the data signal addressed to the
mobile-station devices Blzn. The first through N-th modula-
tors al22-» output the generated data signals to the specific
signal constructor al25. The base-station apparatus Al deter-
mines a modulation scheme for use in each of the first through
N-th modulators al22-» in accordance with the channel state
information, and outputs modulation information indicating
the determined modulation scheme to the first through N-th
modulators al22-n. The base-station apparatus Al notifies
the first through N-th mobile-station devices Bln of the
modulation information.

The DMRS generator al24 generates DMRSs to be
addressed to the first through N-th mobile-station devices
Bln. The DMRS generator al24 outputs the generated
DMRS to the specific signal constructor al25.

The specific signal constructor al25 associates the data
signals addressed to the first through N-th mobile-station
devices Blz input from the first through N-th modulators
al22-n with the DMRSs addressed to the first through N-th
mobile-station devices Blz input from the DMRS generator
al24. Pieces of information associated by the specific signal
constructor al25 and addressed to the first through N-th
mobile-station devices Blz are referred to as specific signals
of the first through N-th mobile-station devices Blr. The
specific signal constructor al25 outputs to the non-linear
precoder al3 the specific signals of the first through N-th
mobile-station devices B1lz which are generated through the
association operation thereof.

The non-linear precoder al3 performs a non-linear precod-
ing operation on the specific signal (the data signal and the
DMRS) of each of the first through N-th mobile-station
devices Bin input from the specific signal constructor al125.
The non-linear precoding operation to be performed by the
non-linear precoder al3 is described in detail below. The
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non-linear precoder al3 outputs to the frame constructor al42
the specific signals that have been non-linearly precoded.

The CRS generator al41 generates the CRS including a
known reference signal of the base-station apparatus A1l and
the first through N-th mobile-station devices Bin, and then
outputs the generated CRS to the frame constructor a142.

The frame constructor a142 maps the specific signal input
from the non-linear precoder al3 and the CRS input from the
CRS generator al41. The frame constructor a142 may map
the specific signal and the CRS to the same frame or to
different frames. For example, the frame constructor al42
may map only the CRS to a given frame, or may map the CRS
and the specific signal to another frame. Note that the base-
station apparatus A1 maps the CRS and the specific signal to
aframe in accordance with a predetermined mapping and that
the first through N-th mobile-station devices Bin have the
knowledge of the mapping in advance.

The frame constructor al42 outputs, to the first through
N-th IFFT units a143-7, a signal, out of the mapped signals, to
be transmitted via the antenna al0l-non a per frame unit
basis.

The first through N-th IFFT units a143-# perform an IFFT
transform operation on the signal input from the frame con-
structor al42, thereby generating a signal in the time domain.
The first through N-th IFFT units a143-# output the generated
signals in the time domain to the first through N-th GI insert-
ers al44-n.

The first through N-th GI inserters al44-n attach guard
intervals to the signals input from the first through N-th IFFT
units al43-z, and then output the signals with the guard
intervals attached thereto to the first through N-th transmitters
ald5-n.

The first through N-th transmitters al45-n D/A (digital/
analog) convert the signals (baseband digital signals) input
from the first through N-th GI inserters al44-n. The first
through N-th transmitters al45-» generate signals on a carrier
frequency by up-converting the digital-to-analog converted
signal. The first through N-th transmitters al45-» transmit the
generated signals via the first through N-th antennas a101-7.

FIG. 4 is a schematic diagram illustrating a structure
example of the specific signal of the present embodiment. In
FIG. 4, the abscissa represents time. FIG. 4 illustrates the
specific signal output by the specific signal constructor a125.
FIG. 4 also illustrates the specific signals of the first through
N-th mobile-station devices Bin to be transmitted on the same
frequency aligned on the time axis.

In FIG. 4, the DMRSs addressed to the first through N-th
mobile-station devices Bin are referred to as “DMRS-MSn”.
As illustrated in FIG. 4, the specific signal is for each of the
first through N-th mobile-station devices Bin and includes the
DMRS and the data signal. For example, a signal labeled
symbol S11 indicates the DMRS addressed to the mobile-
station device B11 (DMRS-MS1).

FIG. 4 indicates that the DMRSs addressed to the first
through N-th mobile-station devices Bin are output at the
same time from the specific signal constructor a125. FIG. 4
also indicates that the data signals addressed to the first
through N-th mobile-station devices Bin are also output from
the specific signal constructor al25 at the same time. As
described above, the data signals assigned to the same time
and the DMRSs assigned to the same time are spatial multi-
plexed by the non-linear precoder al3 and then transmitted
from the base-station apparatus Al at the same timing and on
the same frequency (i.e., by the same subcarrier of the same
OFDM symbol). FIG. 4 also indicates that the DMRS and the
data signal are output from the specific signal constructor
al25 at different timings. For example, the DMRSs addressed
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10
to the first through N-th mobile-station devices B1z are out-
put attime t, and time t,, and the data signals addressed to the
first through N-th mobile-station devices Blz are output at
time t, through time t;.

Note that the structure of the specific signal of FIG. 4 is an
example only, and the present invention is not limited to this
structure. For example, as illustrated in FIG. 4, the data signal
is output (at t, thereafter) after the DMRS addressed to the
mobile-station device Blz is output. Alternatively, the spe-
cific signal constructor al25 may output the DMRS after
outputting the data signal. Also, the specific signal construc-
tor al25 may output the data signal and the DMRS alternately
on the time axis, or in another sequential order.

FIG. 5A is a schematic diagram illustrating a structure
example of frames of the present embodiment. FIG. 5A illus-
trates the structure of frames to which the frame constructor
al42 maps the signal. Also, FIG. 5A illustrates the structures
of the frames aligned along the time axis and transmitted via
the first through N-th antennas a101-7.

In FIG. 5A, the CRSs transmitted via the first through N-th
antennas al01-» are labeled “CRS-Txn”. FIG. SA also illus-
trates that each of the frames of the first through N-th antennas
al01-» includes a CRS and a specific signal (the non-linearly
precoded specific signal including the data signal and the
DMRS). For example, a signal labeled symbol S21 indicates
aCRS (CRS-Tx1) to be transmitted via the antenna a101-1. A
signal labeled symbol S22 is a non-linearly precoded specific
signal to be transmitted via the antenna a101-1.

FIG. 5A illustrates the CRSs that arranged at different time
bands by the frame constructor al42 and are transmitted via
the antenna al01-» from the base-station apparatus Al. For
example, the CRS to be transmitted via the antenna a101-1 is
transmitted at time t1, and the CRS to be transmitted via the
antenna al01-2 is transmitted at time t,.

FIG. 5A also illustrates the CRS and the specific signal that
are arranged at different time bands by the frame constructor
al42. For example, the CRSs to be transmitted via the antenna
al01-» are arranged in a time band for transmission of time t,
through timet,, and the specific signals are arranged in a time
band attimet,;, , thereafter. As also illustrated in FIG. 5A, the
specific signals to be transmitted via the first through N-th
antennas al01-z are arranged in the same time band by the
frame constructor al42.

FIG. 5A illustrates the frame structure for exemplary pur-
poses only, and the present invention is not limited to this
frame structure. For example, as illustrated in FIG. 5A, all
CRSs to be transmitted via the antennas al01-# are arranged
in a preceding time band (earlier than t,,, ;), and the specific
signals are arranged in a subsequent time band (at t,, , there-
after). Alternatively, the frame constructor a142 may arrange
the specific signals in the preceding time band, and the CRSs
in the subsequent time band. Alternatively, the frame con-
structor al42 may arrange the specific signal and the CRS
alternately in time bands, or in another sequential order. For
example, the frame constructor al42 may arrange the CRS to
be transmitted via the antenna al01-1 in the time band sub-
sequent to time t,,, , and the specific signal in the time band
prior to time t,,,. Note that the base-station apparatus Al
transmits a frame having only the CRS arranged therewithin
before starting the transmission of the specific signal.

FIG. 5B and FIG. 5C illustrate a structure example of the
frames to be transmitted via the first through N-th antennas
al01-n. FIG. 4 and FIG. 5A illustrate the DMRS and data
signal, or the CRS and specific signal (including the DMRS
and data signal) arranged in the time direction. As illustrated
in FIG. 5B and FIG. 5C, the CRS, DMRS, and data signal may
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be arranged in a two-dimensional matrix along the time direc-
tion (t) and frequency direction (f).
Mobile-Station Device Blr

FIG. 6 is a function block diagram illustrating a structure
example of the mobile-station device Bln of the present
embodiment. As illustrated in FIG. 6, the mobile-station
device Blx includes an antenna b101, a receiver b102, a GI
remover b103, an FFT unit b104, a signal separator b105, a
CRS channel estimator b107, a DMRS channel estimator
b12, a channel compensator b106, a modulo calculator b109,
a demodulator b110, a decoder bill, a channel state informa-
tion generator b108, an IFFT unit b131, a GI inserter b132,
and a transmitter b133.

The receiver b102 receives a signal transmitted by each
mobile-station device Blz (a signal on a carrier frequency)
via the antenna b101. The receiver b102 down-converts and
A/D (analog/digital) converts the received signal, thereby
generating a baseband digital signal. The receiver b102 out-
puts the generated digital signal to the GI remover b103.

The GI remover b103 removes the GI from the digital
signal input from the receiver b102, and outputs the signal
without the GI to the FFT unit b104.

The FFT unit b104 performs a fast Fourier transform
operation on the signal input from the GI remover b103,
thereby generating a signal in the frequency domain. The FFT
unit b104 outputs the generated signal in the frequency
domain to the signal separator b105.

The signal separator b105 demaps the signal input from the
FFT unit b104 in accordance with mapping information from
the base-station apparatus Al. The signal separator b105 out-
puts out of the demapped signal, a CRS to the CRS channel
estimator b107 and a DMRS to the DMRS channel estimator
b12. The signal separator b105 outputs a data signal to the
channel compensator b106. Furthermore, the signal separator
b105 inputs the data signal to the DMRS channel estimator
b12.

The CRS channel estimator b107 estimates a channel state
in accordance with the CRS input from the signal separator
b105, and then outputs information indicating the estimated
channel state to the channel state information generator b108.

In accordance with the DMRS input from the signal sepa-
rator b105, the DMRS channel estimator b12 estimates a
channel state of an equivalent channel that includes as part
thereof a filter to be used in the non-linear precoding opera-
tion. The DMRS channel estimator b12 is described in detail
below. The DMRS channel estimator b12 outputs equivalent
channel state information indicating the channel state of the
estimated equivalent channel to the channel compensator
b106. The channel compensator b106 performs channel com-
pensation on the signal input from the signal separator b105
using the equivalent channel state information input from the
DMRS channel estimator b12. The channel compensator
b106 outputs the channel compensated signal to the modulo
calculator b109.

The modulo calculator b109 performs a modulo operation
on the signal input from the channel compensator b106 in
accordance with modulation information from the base-sta-
tion apparatus Al. The modulo operation is expressed by the
following Expression.

mod(a)=a-floor((Re[a]+t/2)/t)-ixfloor((Im[a]+t/2)
T (1-1)
Expression (1-1) indicates the modulo operation that is
performed on a signal o with a modulo width t. Also, floor(x)
represents a maximum integer that does not exceed x, and
Re[a] and Im[c] respectively represent a real part and an
imaginary part of a complex number a.. Here, i represents a
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unit of complex number. Also, T represents the modulo width.
If the modulation scheme of the data signal is QPSK, 7 is
preferably 2x2/2 times the mean amplitude of QPSK signal,
if the modulation scheme of the data signal is 16QAM, T is
preferably 8x10"/2 times the 16QAM signal, and if the modu-
lation scheme of the data signal is 64QAM, T is preferably
16x42'2 times the 64QAM signal. The modulo width may be
different if the base-station apparatus and the mobile-station
device use a common value.

The modulo calculator b109 outputs a value as a modulo
operation result to the demodulator b110.

The demodulator b110 demodulates the signal input from
the modulo calculator b109 in accordance with a modulation
scheme indicated by the modulation information from the
base-station apparatus Al. The demodulator b110 outputs to
the decoder bill the demodulated information (hard-deter-
mined encoded bit or soft-estimated value of the encoded bit).

The decoder bill acquires an information bit by decoding
the information input from the demodulator b110, and then
outputs the acquired information bit.

The channel state information generator b108 generates
the channel state information from the channel state input
from the CRS channel estimator b107 (this operation is
referred to as a channel state information generation process).
The estimated channel state is herein referred to as a row
vectorh,,=[h,;, h,,,...,h, ] Leth,;, h,,, ..., h, represent
a channel state between the antenna al101-1 and the mobile-
station device Bln, a channel state between the antenna
a101-2 and the mobile-station device Blz, . . ., and a channel
state between the antenna al01-N and the mobile-station
device Bln. The channel state information generator b108
does not necessarily have to notify the base-station apparatus
A1l of the row vector |h, | exactly as the channel state infor-
mation. For example, the channel state information generator
b108 may normalize the row vector by norm |h, | of the row
vector of in accordance with a predetermined number C, and
notifies the base-station apparatus A1l of the resulting normal-
ized row vector Cxh,/Ih,|. Alternatively, the channel state
information generator b108 may notify the base-station appa-
ratus A1l of a value approximated to be a predetermined value
as the channel state information.

The channel state information generator b108 modulates
the generated channel state information, and outputs the
modulated signal of the channel state information to the IFFT
unit b131.

The IFFT unit b131 performs an inverse Fourier transform
operation on the signal input from the channel state informa-
tion generator b108, thereby generating a signal in the time
domain. The IFFT unit b131 outputs the generated signal in
the time domain to the GI inserter b132.

The GI inserter b132 attaches the guard interval to the
signal input from the IFFT unit b131, and outputs the signal
with the guard interval attached thereto to the transmitter
b133.

The transmitter b133 D/A (digital/analog) converts the
signal (a baseband digital signal) input from the GI inserter
b132. The transmitter b133 up-converts the converted signal,
thereby generating a signal on a carrier frequency. The trans-
mitter b133 transmits the generated signal via the antenna
b101.

Filter Calculator all

The filter calculator all of FIG. 3 constructs a channel
matrix H from the channel state information input from the
channel state information acquisition unit al105. H represents
is a matrix of N rows and N columns, and a component at a
p-th row and a g-th column represents a complex gain of a
channel between a p-th mobile-station device Blp and a g-th
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antenna al01-¢g of the base-station apparatus (each of p and q
is an integer from 1 to N). More specifically, the channel state
acquired from the channel state information from each
mobile-station device Blp becomes a row vector, and the
channel matrix H is generated by arranging a matrix having
row vectors corresponding to all the mobile-station devices. If
the norm of the channel state information is normalized by the
mobile-station device Blr, the base-station apparatus Al
generates the channel matrix H using the channel state infor-
mation from the mobile-station device Bln, that is, using a
normalized channel state at each row.

The filter calculator all calculates an inverse matrix W
(=H!) of the channel matrix H, and inputs the inverse matrix
to the non-linear precoder al3.

Detail of Non-Linear Precoder A13

Let sn represent each specific signal input from the specific
signal constructor al25, and s represent a column vector
having each components of all s1 through Sn. The specific
signal herein refers to the data signal and the DMRS gener-
ated by the DMRS generator a124. As for the DMRS signal
herein, the value of T is determined independently of the data
signal, but it is necessary to use a DMRS signal having a value
common to the base-station apparatus and the mobile-station
device. For example, the DMRS signal may match one point
of the QPSK signal, and T=2x2"? is used even if the data
signal is modulated through 16QAM. The non-linear pre-
coder al3 searches for a combination of N-dimensional inte-
ger column vectors Z1 and Z2 that minimizes the norm of a
transmit signal multiplied by filter W. This operation may be
expressed by the following expression.

(Z1,22)=argmin o, W(s+z1t+iz2t)] (1-2)

A combination (z1, z2) that minimizes the norm IW(s+
z1t+iz27)| on the right side is represented by (21, Z2). Since
each component of z1 and 72 can take any integer, it is
difficult to search for all the combinations. A search range of
each component of z1 and z2 is thus limited to a predeter-
mined range (for example, to an integer having the absolute
value [z or less: [-1 g5, -Lge+1, ..., -2,-1,0,1,2,...,
Lzs—1, Lgs]). A search operation is preferably performed on
points as candidates centered on a signal point Ws, but a
method other than this method may be used to search for a
point that minimizes the norm. Here, z1t+727 is referred to as
a perturbation vector. A signal x=W(s+Z1t+iZ27) based on
the calculated (71, Z2) is power-normalized.

The base-station apparatus Al needs to normalize total
transmit power of data signals within a constant number of
subcarriers and a constant number of OFDM symbols (re-
ferred to as a “power normalization unit”) in order to keep the
transmit power constant. The power normalization unit rep-
resents the entire frame unit of FIG. 5B and FIG. 5C. Total
power P_across the power normalization unit of the power of
the data signals x calculated in the non-linear precoding
operation is calculated. Let P, represent the total power
assigned to the base-station apparatus A1 to transmit the data
signal of one power normalization unit, and a power normal-
ization coefficient g (=(P,/P,)"?) is calculated. The non-
linear precoder al3 multiplies the specific signal x (the data
signal and DMRS) by the reciprocal of the power normaliza-
tion coefficient g, and inputs the data signal subsequent to the
multiplication to the frame constructor al42. Each compo-
nent of the signal x indicates a transmit signal to be transmit-
ted by each of the first antenna a101-1 through N-th antenna
al01-1.

Since the DMRS signal itself is multiplied by g=! in the
mobile-station device Blz, the DMRS channel estimator b12
may estimate the channel, and the channel compensator b106
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may perform the compensation operation on the amplitude of
the data signal by multiplying the amplitude by g. More
specifically, a signal can correctly be detected by multiplying
the received data signal by g.

As described above, the non-linear precoder al3 of the
present invention performs on the DMRS the same non-linear
precoding operation as the non-linear precoding operation
performed on the data signal, including the power normaliza-
tion.

Detail of DMRS Channel Estimator b12

Since the base-station apparatus B1 multiplies the data
signal by W (=H"), the received signal is HWs=s in an ideal
environment, and no channel compensation is needed on the
data signal. However, since (1) the base-station apparatus Al
has performed the power normalization, and (2) the channel
state changes from when the mobile-station device Blx feeds
back the channel state information to when the base-station
apparatus Al transmits the data signal, a reception gain of the
data signal (a complex gain of an equivalent channel includ-
ing the precoding) needs to be freshly estimated during a data
signal reception using the DMRS that has undergone the same
precoding operation as the precoding operation performed on
the data signal.

FIG. 7 illustrates the DMRS channel estimator b12 in
detail. The DMRS channel estimator b12 includes a pertur-
bation vector candidate selector b121, a perturbation vector
adder b122, an interim channel estimating unit b123, a chan-
nel compensating unit b124, a modulo calculator b125, a
demodulator b126, a perturbation vector evaluation value
calculator b127, and a perturbation vector estimating unit
b128.

(Step S21) The perturbation vector candidate selector b121
selects a perturbation vector candidate, and input the selected
perturbation vector to the perturbation vector adder b122. A
perturbation vector Za serving as a candidate is expressed by

Za=(zla+iz2a)t (1-3)

where zla and z2a are N-dimensional column vectors, and
each component falls within a predetermined range (for
example, an integer having the absolute value L, or less:
[Lagss ~Lags+l, ..., =2,-1,0,1,2, ..., L -1, L,s]). The
number of candidates of the perturbation vectors present and
expressed in Expression (1-3) is (2L,,s+1)*". Here, the base-
station apparatus Al and the mobile-station device Blz use a
common DMRS modulo width.

In Expression (1-3), the candidates of the perturbation
vector are also restricted in the base-station apparatus as well.
Although condition Lz=L,,,; holds preferably, condition
Lz>L, s may be acceptable to reduce an amount of calcula-
tion in the mobile-station device Bln.

InTHP or LR-THP to be described with reference to a third
embodiment, it is difficult to determine [z, and L, ,c may be
determined depending on the amount of calculation of the
mobile-station device Bln.

(Step S22) Next, the perturbation vector adder b122 calcu-
lates a signal q+Za by adding a perturbation vector candidate
Za=(Z1a+iZ2a)t to a reference signal q (a signal transmitted
from the base-station apparatus and being a DMRS signal
prior to the non-linear precoding operation). The perturbation
vector adder b122 inputs the signal g+Za to the interim chan-
nel estimating unit b123.

(Step S23) Next, the interim channel estimating unit b123
divides the received DMRSp by the signal q+Za. The com-
plex gain may be estimated to be h=p/(q+Za).
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The interim channel estimating unit b123 inputs an ampli-
tude |hl and a phase arg (h) of the complex gain h to the
channel compensating unit b124 and the perturbation vector
estimating unit b128.

(Step S24) The channel compensating unit b124 performs
the channel compensation on the data signal in the frame
having the DMRS therewithin using the amplitude and phase
input from the interim channel estimating unit b123. More
specifically, the channel compensating unit b124 divides the
received signal by the complex gain h. The channel compen-
sating unit b124 inputs the channel-compensated data signal
to the modulo calculator b125.

(Step S25) The modulo calculator b125 performs a modulo
operation on the data signal channel-compensated by the
channel compensating unit b124. The modulo calculator
b125 uses the data signal modulo width common to the base-
station apparatus Al and the mobile-station device Bln. The
modulo calculator b125 inputs the modulo calculated data
signal to the demodulator b126.

(Step S26) The demodulator b126 soft-estimates the input
modulo operated data signal, and then inputs the soft-esti-
mated value to the perturbation vector evaluation value cal-
culator b127.

Note that the demodulator b126 calculates a soft-estimated
value as a log likelihood ratio (LLR). LLR is calculated using
the following Expression.

[Math 1]

(1-4)
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Here, y represents the modulo-operated data signal input
from the modulo calculator b125, and s, represents each of the
signal points of each modulation scheme. Also, s, * represents
a signal point with a m-th bit thereof modulated through each
modulation scheme and being +1, and s,,,” represents a signal
point with a m-th bit thereof modulated through each modu-
lation scheme and being 0. Also, o,” represents a sum of
variances of noises in I-ch and Q-ch of each modulation
signal (i.e., complex Gaussian noise power).

In accordance with Expression (1-4) and Expression (1-5),
the demodulator b126 inputs, to the perturbation vector evalu-
ation value calculator b127, LLR corresponding to each bit
assigned to each data signal. More specifically, the demodu-
lator b126 calculates LLRs of the number equal to the number
of'data signalsx2 in the case of QPSK, and calculates LL.Rs of
the number equal to the number of data signalsx4 in the case
of 16QAM, and then inputs the resulting LLRs to the pertur-
bation vector evaluation value calculator b127.

(Step S27) The perturbation vector evaluation value calcu-
lator b127 calculates a variance of the input LLRs, and input
the calculated variance of the LLRs to the perturbation vector
estimating unit b128. The variance of LLRs is calculated in
accordance with the following Expression.
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(1-6)

HereV represents the number of data signals soft estimated
on each candidate of the perturbation vectors. M represents a
bit count assigned to each modulation scheme, and is 2 in
QPSK, and 4in 16 QAM. L, represents LLR at the m-th bit
assigned to a v-th data signal.

(Step S28) The perturbation vector estimating unit b128
selects the largest variance of the variances of LLRs corre-
sponding to perturbation vectors input from the perturbation
vector evaluation value calculator b127, outputs the ampli-
tude and phase of the data signal (referred to as “equivalent
channel state information”) corresponding to the perturbation
vector having the largest variance, and thus inputs the equiva-
lent channel state information to the channel compensator
b106 in the DMRS channel estimator b12 (FIG. 6).

A large variance of LLRs indicates that a mutual amount of
information transmitted from the base-station apparatus Al is
the largest when each perturbation vector is assumed. The
absolute value of LLR becomes larger as the “probabilit